We report an electron paramagnetic resonance investigation of the grain size effects on the polaron transport in the paramagnetic regime of nanosized La 2/3 Ca 1/3 MnO 3 manganites. The temperature dependences of the EPR integral intensity were analyzed in terms of spin-spin exchange interaction and small polaron hopping scenarios. The polaron activation energy decreases with the reduction of the grain size. A discussion is given concerning the factors which could explain the observed change.
Introduction
The perovskite manganites La 1−x Ca x MnO 3−δ (LCMO) have been intensively studied due to their colossal magnetoresistive (CMR) properties. The basic features involve a mixture of the so-called double exchange (DE) interaction Mn 3+ −O-Mn 4+ [1] and a strong spin-lattice interaction [2] which determines the presence of the Jahn-Teller (JT) polarons in the paramagnetic (PM) regime [3] . An analysis of LCMO and LaMnO 3−δ series has shown a strong increase in the polaron activation energy E a , as Mn 3+ content increases [4] . It was argued that the polaron binding energy was proportional to the Mn-O distortion and the Mn 3+ content [5] . * corresponding author; e-mail: giurgiu@s3.itim-cj.ro (113) From the viewpoint of future technological applications, CMR manganites with nanometer-scale dimensions will be required. These nanosized materials could exhibit enhanced electronic and magnetic properties compared with their conventional microscaled counterparts [6] .
Electron paramagnetic resonance (EPR) spectroscopy could give useful information about the dynamics of spins over a wide temperature range. A number of EPR studies have been performed in ceramic [7, 8] as well as nanometric [9, 10] CMR manganites in order to clarify the dynamic magnetic correlations on a microscopic level. In our previous publications we presented systematic EPR investigations of the spin dynamics in microscaled La 2/3 Ca 1/3 Mn 1−x Me x O 3 (Me = Al, In; x ≤ 0.05) [11, 12] and nanosized La 2/3 Ca 1/3 MnO 3−δ manganites [13] . The experimental data have been analyzed in terms of the bottlenecked spin relaxation and small polaron hopping scenarios [14] .
In the present work we investigated by EPR the influence of the grain size reduction on E a in nanostructured LCMO. Here, a different approach based on the spin-spin exchange interaction scenario was used to analyze in the PM regime the temperature dependence of the EPR integral intensity [7, 15] .
Sample characterization
Granular nanosized La 2/3 Ca 1/3 MnO 3−δ manganites were prepared by the sol-gel technique. Two samples with different grain size were obtained by annealing at the temperatures T A = 973 and 1373 K, respectively.
Magnetic, scanning electron microscopy (SEM), and redox titration investigations were carried out in order to evaluate the magnetic transition temperature T c , the mean grain size D, and the Mn 4+ content, respectively. The estimated values are shown in Table I and compared with the corresponding ones for a microsized (ceramic) sample. As it is observed, the grain size and T c decrease as the annealing temperature decreases. The high-temperature annealed nanosized sample is nearly stoichiometric but the lower-temperature one presents Mn 4+ in excess. This could mean that the samples have different oxygen content. X-band EPR investigations were carried out in the temperature range 100-550 K. In the PM regime the EPR spectrum of nanosized LCMO samples consists of a single line with g ≈ 2 similar to that observed for ceramic samples [12] . The line shape was found to be Lorentzian over the investigated temperature range and independent of the grain size (Fig. 1) .
EPR integral intensity in PM regime
According to the spin-spin exchange interaction scenario, in the PM regime the EPR integral intensity, I EPR , is determined by all of Mn 3+ and Mn 4+ ions present in the lattice and the main variation of the line width is given by [7] :
where χ dc is the static susceptibility. In the systems with hopping conductivity, ∆H(T ) was found to be proportional to the conductivity: ∆H(T ) ∝ σ(T ) [16] . On the other hand, the small polaron hopping conductivity in the PM regime of LCMO manganites has the following temperature dependence [17] :
Finally, taking into account that I EPR ∝ χ dc one gets [15] :
Results and discussion
In the following, the effects of the grain size reduction on the polaron activation energy in PM regime of nanometric La 2/3 Ca 1/3 MnO 3−δ are presented and discussed in terms of LCMO nanoparticle model [6] .
We can get an estimate of E a by fitting Eq. (3) to the I EPR = f (T ) data (Fig. 2) . In Fig. 2 the solid lines represent the best fit to Eq. (3) in the temperature range 1.3T c ≤ T ≤ 500 K. The results can be found in Table II and compared with the evaluated E a value by means of Eq. (3) for a ceramic sample with micrometer size grains. These values are larger than the corresponding ones obtained from the analysis of the line width temperature dependence [13] . As one can see from Table II , the overall result of the grain size reduction is the decrease in E a . This behaviour might be explained in terms of the so-called inner core-outer shell scenario [6] .
In accordance with this, each LCMO nanoparticle is composed of two different parts: an inner ferromagnetically ordered core with the same properties as the bulk compound and an outer shell (surface layer). The magnetic configuration in the grain surface is more chaotic than in the core due to presence of the oxygen vacancies, superficial stress, dangling bonds, etc. The decrease in E a with decreasing grain size could be attributed to two opposite contributions arising from the inner core and surface layer of the nanometric particles.
The inner core contribution results from the different Mn 4+ content in our nanosized samples. From Table II one can see that E a decreases with decreasing grain size, i.e. the increasing Mn 4+ content or similarly, decreasing Mn 3+ content. Therefore, based on the paper [4] one would expect a decrease in E a with the increase in the Mn 4+ content. It is well known that the influence of the outer shell increases as the particle size decreases. Moreover, a strong influence of the magnetically disordered surface on the conduction mechanism in manganites is expected, since inside the surface the spins of Mn 3+ and Mn 4+ pairs may not be parallel [18] . As a result, the polaron hopping between Mn 3+ and Mn 4+ ions is difficult. The presence of the disordered outer shell can play the part of the higher potential barrier for the polarons to hop over and one could expect it to contribute to higher E a [17] .
As the disorder in outer shell is larger in the smaller grains, an increase in E a with decreasing grain size could be expected.
Therefore, the total result of decreasing E a as the grain size diminished could arise from two opposite effects: the first effect represents the decrease in E a with increasing Mn 4+ content and the second one corresponds to the increase in E a due to the increased disorder in the outer shell of the smaller grains. Our investigations point out to dominant core-shell contribution to E a as shown by the results presented in Table II .
Conclusions
Based on the spin-spin exchange interaction and small polaron hopping scenarios, the polaron activation energy E a was evaluated from the temperature dependence analysis of the EPR integral intensity. The observed decrease in E a with the reduction of the grain size is a global result which could be accounted for by both the inner core contribution and the influence of outer shell. E a decreases with the increase in Mn 4+ content, while an increased disorder in the surface layer of the smaller grains results in the increase in E a . Since the overall effect is the decrease in E a , the inner core contribution to E a is dominant.
